The new thallium penta(indium/chromium) octaselenide, TlIn 4.811(5) Cr 0.189(5) Se 8 , has been synthesized by solid-state reaction. It crystallizes isotypically with TlIn 5 Se 8 in the space group C2/m. Although the two Tl positions are disordered and only partially occupied, no Tl deficiency was observed. The insertion of chromium in the structure has been confirmed by EDS analysis. Chromium substitutes indium exclusively at one of three In sites, viz. at one of the positions with site symmetry 2/m (Wyckoff position 2a). In the crystal structure, edgesharing InSe 6 octahedra, and (In,Cr)Se 6 octahedra and InSe 4 tetrahedra make up two types of columns that are linked into a framework in which two different types of channels parallel to [010] are present. The Tl atoms are located in the larger of the channels, whereas the other, smaller channel remains unoccupied.
Chemical context
This study is part of an on-going project focused on lowdimensional chalcogenides with low thermal conductivity. Quasi one-dimensional networks are of great interest for thermoelectric applications. Such structures can combine structural disorder, responsible for scattering of phonons, to an electronically conductive network.
Recently, low thermal conductive compounds belonging to the family of pseudo-hollandites were studied. A thermoelectric figure of merit up to ZT = 0.5 at 800 K was found for TlCr 5 Se 8 (Takahashi et al., 2013) . This discovery inspired further studies on this class of materials. Pseudo-hollandites are compounds with general formula AM 5 X 8 , (A = alkali metal, alkaline earth metal, Tl; M = V, Ti, Cr; X = S, Se, Te), the structures of which are made up from CdI 2 -type layers and double chains of MX 6 octahedra sharing edges and faces in such a way that channels are created along one axis in which the A cations are located. Monoclinic TlCr 5 Se 8 and the related triclinic compound Ba 0.5 Cr 5 Se 8 have thermal conductivities well below 1 W m À1 K À1 from room temperature to 873 K (Lefè vre et al., 2015 (Lefè vre et al., , 2016 . As part of our project, we successfully synthesized a solid solution of TlV 5-x Cr x Se 8 (x = 0, 1, 2, 3, 4, 5) and studied the magnetism and thermoelectric properties of TlV 5 Se 8 (Maier et al., 2015) .
Working on a similar compound, monoclinic TlIn 5 Se 8 , we attempted to synthesize a solid solution TlIn 5-x Cr x Se 8 . Initially, the nominal composition TlIn 4 CrSe 8 was chosen so that chromium fully substitutes indium at the octahedral site (Wyckoff position 2a) of TlIn 5 Se 8 . Here we present the structure of one compound of the solid solution series ISSN 2056-9890 TlIn 5-x Cr x Se 8 (x = 0.189) with only a partial substitution of indium for chromium at this site.
Structural commentary
The composition of the crystals as determined from the refinement is in good agreement with the EDS analysis. The refined structure is represented in Fig. 1 , both as individual atoms and in a polyhedral representation. All atoms in the asymmetric unit (two Tl, one mixed-occupied In/Cr, two In and four Se sites) are located on special positions. Except Tl2 and mixed-occupied (In1/Cr) on positions with site symmetry 2/m (Wyckoff positions 2d and 2a, respectively), all other atoms are located on a mirror plane (4i).
Indium atoms are found in octahedral (In1, In2) and tetrahedral (In3) environments by selenium atoms. Only one of the indium atoms, In1, shares its position with chromium in an octahedral environment. The (In1,Cr)Se 6 and In2Se 6 octahedra form two types of columns. One column is made up only of edge-sharing In2Se 6 octahedra in a zigzag shape. The second column is made up of alternating (In1/Cr)Se 6 octahedra and In3Se 4 tetrahedra connected by edge-sharing, likewise in a zigzag shape. These two building units are linked together to form a framework in which two types of channels propagating parallel to [010] are present. One of the channels hosts the two partly occupied Tl atoms, while the other is smaller and thus empty. Compared to the pseudo-hollandite network, the infinite planes are broken into columns in the title structure, leaving a supplementary channel at the junction of the columns and the double chains.
The existence of the title solid solution is in agreement with the decrease or increase of unit-cell parameters of TlIn 5-x Cr x Se 8 from x = 0 (Walther & Deiseroth, 1998 ) to x = 5 (Klepp & Boller, 1983) , as explicited in Fig. 2a . Further, the decrease in the determined metal-to-metal and metal-toselenium distances shows a clear trend in agreement with the increase of the chromium content (Fig. 2b,c ).
Synthesis and crystallization
To prevent oxidation of reactants and products, all manipulations were performed under inert gas or vacuum (glove box or sealed containers). The elements, Cr (powder, 325 mesh, 99%), In (teardrops, 4 mm, 99.9%) and Se (shots, 99.999%), all from Alfa Aesar, were used as received; Tl (granules, 99.99%), as well from Alfa Aesar, received in water, was first rinsed and dried before being stored in a glovebox. The elements Tl, In, Cr and Se in the molar ratio 1:4:1:8 were loaded directly in a fused silica tube that was subsequently evacuated and flame sealed. The mixture was first heated up to 723 K within 7 h for half a day, and then to 1073 K in 7 h for half a day. The mixture was then cooled down to room temperature in 48 h. An intermediate annealing process at 873 K for 15 h was performed. Single crystals were extracted from the bulk.
The bulk sample quality was checked by means of X-ray powder diffraction using a X-Pert Pro Panalytical diffractometer (Cu K 1,2 radiations) equipped with a PIXCEL detector. Phase identification was performed with X'Pert HighScore plus (Panalytical, 2009) . Phase analysis using X-ray powder diffraction revealed at first sight TlCr 5 Se 8 (Klepp & Boller, 1983) and TlIn 5 Se 8 (Walther & Deiseroth, 1998) . However, the Bragg positions of these reflections were clearly shifted, pointing to the presence of a TlIn 5-x Cr x Se 8 solid solution.
Energy Dispersive X-Ray Spectroscopy (EDS) analyses were also performed to check the composition using a scanning electron microscope (SEM; ZEISS Supra 55, 15 kV). Analysis on basis of nine measured crystallites confirmed the presence of four elements, with a determined average molar composition of Tl 1.05; In 4.54; Cr 0.46; Se 9.1.
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 1 .
Structure solution using SUPERFLIP (Palatinus & Chapuis, 2007) led to one thallium site, three indium sites and four selenium sites. Refinement of Tl1 in position (0.5,0,0.5) resulted in large anisotropic displacement parameters. As previously reported, Tl1 usually is located at a partly occupied position around the center position with approximate coordinates of (0.46, 0, 0.52) (Walther & Deiseroth, 1998) . Consideration of the split model (in addition, the In1 site occupancy refined to 0.81 while other indium sites were modelled as fully occupied) led to much more reasonable displacement parameters and improved reliability factors. At that step, the reliability factors were: GOF(all reflections) = 2.42 and wR (all reflections) = 0.056, while the maximum and minimum electron densities were +10.28 and À6.03 e À Å
À3
. The insertion of chromium in the structure has been confirmed by EDS analysis. Consideration of a mixed-occupied In/Cr site for the original In1 position (same coordinates and anisotropic displacement parameters for the two atoms and full occupation for this site) led to a further improvement of reliability factors [GOF (all) = 2.06 and wR(all) = 0.0476] and a decrease of the residual electron densities to +9.71 and À5.83 e À Å À3 . The maximum electron density was found on position (0, 0.5, 0.5). This position is between the partially occupied Tl1 atoms. Thus, a second partially occupied thallium atom, Tl2, was introduced. The two thallium sites are nonsimultaneously occupied. The displacement parameter of Tl2 was modelled as isotropic due to its low occupancy compared to Tl1. Adding this second Tl site significantly reduced the residual electron density to final values of +1.41 and À1.69 e À Å À3 . These density peaks are found at 0.82 and 0.73 Å , respectively, from atoms Se2 and In3.
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